Trigger factor (TF) and signal recognition particle (SRP) bind to the bacterial ribosome and are both crosslinked to protein L23 at the peptide exit, where they interact with emerging nascent peptide chains. It is unclear whether TF and SRP exclude one another from their ribosomal binding site(s). Here we show that SRP and TF can bind simultaneously to ribosomes or ribosome nascent-chain complexes exposing a SRP-specific signal sequence. Based on changes of the crosslinking pattern and on results obtained by fluorescence measurements using fluorescence-labeled SRP, TF binding induces structural changes in the ribosome-SRP complex. Furthermore, we show that binding of the SRP receptor, FtsY, to ribosome-bound SRP excludes TF from the ribosome. These results suggest that TF and SRP sample nascent chains on the ribosome in a nonexclusive fashion. The decision for ribosome nascent-chain complexes exposing a signal sequence to enter SRP-dependent membrane targeting seems to be determined by the binding of SRP, which is stabilized by signal sequence recognition, and promoted by the exclusion of TF due to the binding of the SRP receptor to ribosomebound SRP.
N
ewly synthesized proteins emerging from the peptide exit tunnel of the ribosome (1, 2) interact with proteins that prevent premature folding, so-called chaperones (3, 4) . In bacteria, the first chaperone that interacts with nascent peptide chains is trigger factor (TF), a 48-kDa protein that binds to ribosomes at 1:1 stoichiometry with moderate affinity (5-7). Subsequently, nascent polypeptides can interact with the chaperones DnaK, a member of the Hsp70 chaperone family, and DnaJ, and further downstream with the Hsp60 chaperonins GroEL͞GroES (3, 4) . Alternatively, proteins that are destined for insertion into the inner membrane of the bacterial cell are recognized by the signal recognition particle (SRP), which binds to nascent-chain ribosomes (RNC) and recognizes an SRPspecific signal sequence at the N terminus of the peptide emerging from the ribosome (8) . In Escherichia coli, SRP consists of a 48-kDa protein, Ffh, that is responsible for binding to the ribosome and the nascent signal peptide, and a 114-nt RNA, 4.5S RNA. SRP binding initiates targeting of ribosomes synthesizing inner-membrane proteins to the translocation pore of the membrane. The committed step of membrane targeting is binding of the RNC-SRP complex to the SRP receptor, FtsY.
Both TF and SRP bind to the ribosome in the vicinity of the peptide exit, and crosslinking experiments have revealed ribosomal protein L23 as a common attachment site (9) (10) (11) . Because protein L23 is rather small, 13 kDa, this finding raises the question whether there is binding competition due to overlap of the binding sites of TF and SRP. Whereas SRP binding to RNCs is greatly promoted by the signal sequence, TF probably binds to any nascent peptide, with some preference for sequences containing aromatic amino acids (12) . TF is present in the cell in high concentration and in excess over ribosomes, such that every ribosome has TF bound, despite the moderate affinity (Ϸ1 M). On the other hand, SRP is present in the cell in substoichiometric amounts relative to ribosomes (1:4). Thus, if there were binding competition, the slow dissociation of TF from the ribosome (13) would preclude SRP binding to RNCs, raising the question as to how SRP could ever have a chance to bind to RNCs and, depending on the presence or absence of a signal sequence, initiate membrane targeting. In this work, we have addressed the issue by studying the binding of TF, SRP, and FtsY to ribosomes and RNCs by using UV-induced crosslinking, ultracentrifugation, and fluorescence.
Materials and Methods
Protein Purification, 4.5S RNA, and Fluorescence Labeling. Ffh and FtsY from E. coli, both carrying a C-terminal His-6 tag, were expressed and purified as described, as were cysteine mutants of Ffh (10) . Cysteine mutants of Ffh and their azidophenacyl (AzP) derivatives used for UV-induced crosslinking (10) were fully active in forming SRP that was fully competent for ribosome binding. TF and TF mutants were prepared as described (6) . Labeling of TF-D42C with benzophenone-4-iodoacetamide (BPIA) and crosslinking was performed as described (9). 4.5S RNA was prepared by transcription in vitro (14) . Truncated 4.5S RNA(21-81) was transcribed from a plasmid (14) construct obtained by PCR mutagenesis. 4.5S RNA(21-81) was labeled at the periodate-oxidized 3Ј end by coupling with the hydrazide derivative of Alexa 555 (Molecular Probes), following a previously published protocol (15) . Cysteine mutants of Ffh were labeled by coupling with the maleimide derivative of Oregon green (OG) (Molecular Probes) using a standard protocol (unpublished data); labeling was quantitative, based on absorption measurements. Ffh-OG derivatives were fully active in binding to 4.5S RNA and to ribosomes. has been shown by directed crosslinking from defined positions in TF (9) and SRP͞Ffh (10) as well as by chemical crosslinking using a bifunctional crosslinker (10, 11) . The observation that the addition of TF suppressed the crosslink between SRP͞Ffh and ribosomal protein L23, and vice versa, was interpreted as to suggest competition between SRP and TF for a common binding site on the ribosome (10, 11) . However, the alternative interpretation, that is, loss of crosslink due to a structural change induced by the simultaneous presence of SRP and TF on the ribosome, was not excluded (10, 11) . To examine whether there is competition between TF and SRP for binding to the ribosome, we have studied the effects both of TF addition on SRP͞Ffh crosslinking to ribosomal protein L23 and of SRP addition on TF crosslinking to proteins L23 and L29. Crosslinking from SRP was performed as described (10) with SRP carrying the UVactivatable AzP group at cysteine residues engineered into positions 17 and 25 of Ffh, which gave high-yield crosslinks with protein L23 (Fig. 1A) . The addition of TF to the ribosome-SRP(AzP17) or ribosome-SRP(AzP25) complex at saturating concentration (10 M, i.e., 30 times the K d of 0.3 M; see Fig.  3 ) decreased the crosslinking efficiency, but did not completely eliminate the crosslink (Fig. 1 A) . The reverse experiment was performed by examining the UV-induced crosslinks between TF coupled with BPIA and ribosomal proteins L23 and L29 (9) in the absence and presence of SRP (Fig. 1B Left) . Clearly, SRP had no influence on the TF crosslinks. However, a strong crosslink between Ffh and TF was observed when both SRP and TF-BPIA were present. This finding directly demonstrates simultaneous binding of SRP and TF to one ribosome and indicates that the crosslinker at position 42 in the ribosome-binding domain of TF is located in close vicinity to Ffh (within 10 Å, the length of the crosslinker BPIA) on the ribosome. No crosslinked TF*Ffh was detected in the supernatant (Fig. 1B Right) , indicating that the crosslink between TF and SRP, which were present in large excess over ribosomes, is confined to the ribosome-bound species.
For signal peptide-specific binding of SRP to ribosomes, a ribosome nascent-chain complex was used that carried the first 94 aa of leader peptidase (lep-RNC) (Materials and Methods), an inner-membrane protein that harbors a strong SRP-specific signal anchor sequence at the N terminus. The affinity of SRP binding to lep-RNC is very high (K d Ϸ 0.1 nM; I.B., unpublished data), comparable to affinities reported for eukaryotic RNCs and SRP (18) . Therefore, lep-RNC could be used at low concentration (10 nM), minimizing SRP binding to vacant ribosomes present in the RNC preparation. To examine TF binding to RNC-SRP complexes, SRP(AzP17) or SRP(AzP25) was bound to lep-RNC with or without added TF, and crosslinking was induced by UV irradiation. In the presence of TF, one of the two crosslinks from position 17 of Ffh (lower band) was diminished, whereas the other (upper band) was not; the crosslink from position 25 was not affected (Fig. 1C) . The observation that only one of the SRP crosslinks was affected by TF, whereas the others were not, demonstrates that TF and SRP were bound to the RNC complex simultaneously and that TF The crosslinking experiments show that the crosslink from one position, AzP17 in Ffh, is diminished upon addition of TF, whereas the crosslinks from position 25 of Ffh, or from position 42 of TF, are less or not at all affected. The former result is analogous to the loss of crosslinking between SRP or TF and ribosomal protein L23 induced by adding excess TF or SRP to ribosome-SRP or ribosome-TF complexes, respectively, as reported (10, 11) . The present results indicate that the latter observation is to be explained by an induced structural change, rather than by binding competition. Simultaneous binding of SRP and TF to one ribosome is also shown by the binding experiments described in the following.
Ribosome Binding of SRP, TF, and FtsY Studied by Ultracentrifugation.
Ribosome binding of SRP, TF, and FtsY was further examined by ultracentrifugation (Fig. 2) . When SRP was added to vacant ribosomes in equimolar amount, all SRP (identified as Ffh) was found in the ribosome pellet (Fig. 2 A, lanes 3 and 4) , indicating 1:1 stoichiometric binding of SRP to the ribosome. Stoichiometric binding was also observed with TF and vacant ribosomes (Fig. 2 A,  lanes 1 and 2) . The same extent of binding of both SRP and TF was observed when TF was added to ribosome-SRP complexes (Fig.  2 A, lanes 5 and 6) . Because ribosomes, SRP, and TF were present at the same concentration (1 M) and all SRP and TF was bound, this result demonstrates simultaneous binding of SRP and TF to the ribosome. Binding of the SRP receptor, FtsY, to vacant ribosomes was not detected (data not shown), but there was efficient binding of FtsY to the ribosome-SRP complex, which completely abrogated TF binding (Fig. 2 A, lanes 9 and 10) . Some FtsY remained in the supernatant, indicating limited stability of the complex. No binding of FtsY and no displacement of TF was observed in the absence of GDPNP (Fig. 2 A, lanes 7 and 8) , in accordance with the known GTP (or GDPNP) requirement of FtsY binding to SRP (19) . In the absence of SRP, FtsY did not bind to ribosomes and did not displace TF from ribosome-TF complexes (Fig. 2 A, lanes 11  and 12) , even when FtsY was added at 10-fold higher concentration (data not shown).
The binding experiments were also performed at conditions where the competing ligand, SRP or TF, was added to the ribosome complex at very high concentrations, as used by Luirink and colleagues (10, 11) . As shown in Fig. 2B , at these conditions, there was no competition between TF and SRP for binding to the ribosome, in keeping with simultaneous binding. The controls show that, even at very high concentrations of SRP or TF, no material appeared in the pellet fraction when ribosomes were not present.
Ribosome Binding of SRP, TF, and FtsY Studied by Fluorescence.
Ribosome binding of SRP and TF was also studied by fluorescence, using fluorescence-labeled SRP. The fluorescent probe Alexa 555 (Alx) was introduced into SRP by labeling the 3Ј end of 4.5S RNA(21-81) (Fig. 3A) . The labeled RNA fragment comprised the Ffh-binding site and was fully active in binding Ffh to form SRP(Alx81) (data not shown). Binding of SRP(Alx81) to vacant ribosomes led to a fluorescence increase, and the addition of TF led to a further increase (Fig. 3B) . No fluorescence change was observed when TF was added to SRP(Alx81) in the absence of ribosomes (data not shown). These results indicated that TF was bound to the ribosome-SRP complex and that there was no binding competition between TF and SRP. The addition of FtsY completely reversed the effect of TF, as expected if there was binding competition between FtsY and TF. Similar results were obtained by using fluorescent SRP reconstituted from full-length 4.5S RNA and Ffh labeled with OG at single cysteine residues that were engineered into positions 17 and 25 in the N domain of Ffh (Fig. 3A) . Upon formation of the ribosome-SRP complex, the fluorescence of OG17 decreased and that of OG25 increased (Fig. 3B) . Subsequent binding of TF increased the fluorescence of OG17 and decreased the fluorescence of OG25. Finally, the addition of the SRP receptor, FtsY, reversed the TF-induced signal changes of both OG17 and OG25 to the fluorescence levels observed in control experiments without TF. Based on crosslinking (10), positions 17 and 25 in the N domain of Ffh in the complex with the ribosome are close to protein L23, suggesting that a direct contact or an induced conformational change causes the fluorescence changes of OG17 and OG25 observed upon SRP binding to the ribosome. The fluorescence changes induced by TF binding may be attributed either to a direct interaction between TF and the labeled N domain of Ffh or to an indirect effect mediated by protein L23 to which TF is also bound (9) .
The binding of TF to the ribosome-SRP complex was quantitated by titration, monitoring the fluorescence of ribosomebound SRP(Alx81) ( 
Discussion
The present results show that TF and SRP bind simultaneously at the ribosomal peptide exit site, sharing protein L23 as a common attachment site. TF and SRP are bound in close proximity to each other, as indicated by BPIA crosslinking from position 42 of TF to Ffh (see Fig. 1C ) and AzP crosslinking from Ffh to TF (S.-Q.G., unpublished data). Binding of TF induces structural changes in the ribosome-SRP complex, as evident from a change of crosslinks between SRP and protein L23 (Fig.  1 ) and signal changes of fluorescent groups attached to SRP (Fig. 3) . Induced structural changes probably explain the reported loss of crosslinks between SRP and L23 induced by TF, which was interpreted to indicate competition between TF and SRP for binding to L23 (11) . FtsY binding to ribosome-bound SRP displaces or excludes TF from the ribosome. The mechanism of displacement is unclear at present. It may be physical exclusion caused by overlapping binding sites. Alternatively, FtsY binding to ribosome-bound SRP may destabilize the interaction of TF with the ribosome, thereby accelerating the dissociation of TF, which is slow intrinsically (13) .
The intracellular concentrations of ribosomes and TF are high, such that practically all ribosomes have TF bound (20, 22) , despite the moderate binding affinity. The slow dissociation of TF from the ribosome (13) raises the question as to how SRP could bind to ribosomes exposing an SRP-specific signal sequence if there were competition between TF and SRP. The present finding of simultaneous binding of TF and SRP resolves this issue, and the competition between FtsY and TF provides a mechanism for TF removal. Thus, the basic features of the interplay between TF and components of the SRP pathway can be described as follows (Fig. 4) . TF is present on every ribosome and may bind any nascent chain, exerting its functions as a chaperone and, possibly, peptidyl-prolyl isomerase. The appearance of an SRP-specific signal anchor sequence in the nascent peptide promotes high-affinity binding of SRP. Unlike TF release from the ribosome, which is slow (13), peptide release from TF is rapid (23). Thus, it is possible that SRP binds to the signal sequence while TF remains bound to the ribosome and, possibly, other portions of the nascent peptide (24) . Subsequently, FtsY binds to ribosome-bound SRP and displaces TF from the ribosome, thereby enabling membrane targeting of the RNC-SRP-FtsY complex. Ribosome-bound TF appears to sample nascent chains in a static manner, as suggested by low association and dissociation rates of the TF-ribosome complex (13) , whereas sampling by SRP is dynamic, in accordance with rapid SRP binding to and dissociation from the ribosome observed in kinetic experiments (I.B., unpublished data). Rapid scanning of RNCs by SRP without interference by TF explains how SRP and FtsY, which in the cell are present in substoichiometric amounts relative to ribosomes, can efficiently target RNCs to the membrane for subsequent cotranslational membrane insertion. Only a small amount of SRP is required to bind firmly to the subset of SRP-specific RNCs during the targeting phase, leaving the remaining SRP for rapid scanning of RNCs for emerging SRP-specific signal sequences. It remains to be seen whether recruitment of TF and͞or SRP to RNCs may be influenced by nascent signal peptides still residing in the exit tunnel (25, 26) . 
